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FOREWORD 


Investigations  using  parallel  thermocouples  in  thermal  simulation  were  conducted  in 
support  of  Project  No.  1347,  “Structural  Testing  of  Flight  Vehicles,”  Task  No.  13730, 
“Thermal  Simulation  Techniques.”  Work  was  accomplished  during  the  period  of  February 
to  April  1960  under  the  direction  of  Bernard  C.  Boggs,  project  engineer.  Mr.  Harold 
Hendrickson  assisted  in  the  analytical  work  and  circuit-balancing  techniques,  and  Mr. 
Helmut  Ostrowski  conducted  the  test  surveys  and  reduced  and  assembled  the  test  data. 
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ABSTRACT 


This  report  describes  the  use  of  common  parallel  thermocouple  circuits  for  temperature 
control  in  thermal  simulation.  Iron-constantan  thermocouples  were  welded  directly  to  the 
basic  metal  being  heated.  Structural  tests  at  elevated  temperatures  show  that  thermo¬ 
couples  connected  into  parallel  electrical  circuits  and  grounded  to  a  common  metal  sheet 
give  the  same  temperature  measurements  as  separated  thermocouples  connected  into 
a  parallel  circuit.  This  method  is  applicable  to  any  test  situation  requiring  average 
temperatures. 


iii 


WADD  TR  60-650 


COORDINATION  SHEET 


Prepared  by: 


Concurred  in: 


Concurred  in: 


Approved  by: 


BERNARD  C.  BOGGS ' 

Chief,  Facility  and  Operation  Unit 
Strength  Section,  Structural  Branch 
Engineering  Test  Division 
Flight  and  Engineering  Test  Group 


CARL  E.  REICHERT 

Asst.  Chief,  Engineering  Test  Division 

Flight  and  Engineering  Test  Group 


PM/ 

ical  Director 
lght  and  Engineering  Test  Group 


JOSEPH  DAVIS,  #V.7  Col,  USAF 
imander 

lght  and  Engineering  Test  Group 


WADD  TR  60-650 


TABLE  OF  CONTENTS 

Page 

List  of  Symbols  viii 

SECTION 

I  Introduction  1 

II  Thermocouple  Control  Signal  Function  3 

III  Practical  Application  of  Grounded  Parallel  Thermocouples  5 

IV  DC  Circuit  for  Grounded  Parallel  Thermocouples  9 

V  Summing  Circuit  for  Grounded  Parallel  Thermocouples  13 

VI  Experimental  Test  Data  and  Results  17 

VII  Switching  Circuits  for  Parallel  Thermocouples  21 

VIII  Conclusions  23 

References  23 

Appendix  25 


v 


WADD  TR  60-650 


ILLUSTRATIONS 

Figure  Page 

1.  Separated  Parallel  Thermocouple  Circuit  6 

2.  Common  Parallel  Thermocouple  Circuit  6 

3.  Electrical  Circuit  for  Common  Parallel  Thermocouple  Circuit  9 

4.  Equivalent  Electrical  Circuit  Schematic  For  a  Common  9 

Parallel  Thermocouple  Circuit 

5.  Electrical  Parallel  Thermocouple  Circuit  10 

6A.  Battery  Circuit  for  Parallel  Thermocouples  10 

6B.  Thermocouple  Equivalent  Battery  Circuit  11 

7.  Equivalent  Thermocouple  Summing  Electrical  Circuit  13 

8A.  Equivalent  Electrical  Circuit  for  2  Parallel  Thermocouples  on  a  14 

Common  Plate 

8B.  Equivalent  Electrical  Circuit  for  2  Parallel  Thermocouples  on  14 

Separate  Plates 

9A.  Test  Plate  Thermocouple  Arrangement  for  First  Test  Series  17 

9B.  Test  Plate  Thermocouple  Arrangement  for  Second  Test  Series  17 

10.  Basic  Parallel  Electrical  Circuit  Diagram  with  7  Thermocouples  27 

(Common) 

11.  Symmetrical  Parallel  Electrical  Circuit  for  7  Constantan  and  1  Iron  28 
Thermocouple  Wires  (Common) 

12.  Unsymmetrical  Parallel  Electrical  Circuit  for  7  Constantan  and  1  Iron  29 
Thermocouple  Wires  (Common) 

13.  Parallel  Electrical  Circuit  with  1  Constantan  and  7  Iron  Thermocouple  30 
Wires  (Common) 

14.  Parallel  Electrical  Circuit  with  6  Constantan  and  1  Iron  Thermocouple  31 
Wires  (Common) 

15.  Parallel  Electrical  Circuit  with  1  Constantan  and  6  Iron  Thermocouple  32 
Wires  (Common) 

16.  Parallel  Electrical  Circuit  with  5  Constantan  and  7  Iron  Thermocouple  33 
Wires  (Common) 

17.  Parallel  Electrical  Circuit  with  7  Constantan  and  5  Iron  Thermocouple  34 
Wires  (Common) 

vi 


WADD  TR  60-650 

ILLUSTRATIONS  (Continued) 

Figure  Page 

18.  Parallel  Electrical  Circuit  with  5  Thermocouples  (Common)  35 

19.  Parallel  Electrical  Circuit  with  3  Thermocouples  (Common)  36 

20.  Basic  Parallel  Electrical  Circuit  with  3  Thermocouples  (Common)  37 

Without  Additional  Resistors,  Aluminum  Plate 

21.  Parallel  Electrical  Circuit  with  3  Thermocouples,  Resistors  Added,  38 
Aluminum  Plate  (Common) 

22.  Parallel  Electrical  Circuits  for  2  Thermocouples  (Common),  39 

Aluminum  Plate 

23.  Electrical  Circuit  for  1  Thermocouple,  Wires  Separated  (Common),  40 
Aluminum  Plate 

24.  Measuring  Circuit  with  2  Constantan  Wires  Forming  a  Junction  on  41 
Aluminum  Plate  (Common) 

25.  Parallel  Common  Thermocouple  Circuit  Constant  for  Circulating  42 

emf’s 


WADD  TR  60-650 


LIST  OF  SYMBOLS 


A 

B 

B 

BTU 

c 

C 


dVdt 


E'Eo’E1’E2’E3 
Ae^  Ae2 


P 

emf 

f() 

Fe 


Gr  g2 


I*  ^1'  ^2'  *3 
K 

N 


Q*  Qj»  Q2'  Q3' 


Designation  for  constantan  thermocouple  wire 

Product  of  emissivity  and  Steffan- Boltzmann  Constant 

Designation  for  iron  thermocouple  wire 

British  Thermal  Unit 

Specific  heat  of  material 

Designation  for  constantan  thermocouple  wire 

Derivative  of  surface  area  temperature  with  time 

. Electrical  signal  (volts) 

Error  signal  (volts) 

Calculated  emf  average 
Electromotive  force 
Function 

Designation  for  iron  thermocouple  wire 
Gain  signal 

Convective  heat  transfer  coefficient 
,  .  .  .1^  Current  (amps) 

Constant  for  circulating  emf’s 
Number  of  terms 

Qj7  Heat  input  or  heat  required  per  unit  area 


q  Heat  loss 

rl'  r2'  r3  Weld  resistance  or  equivalent  internal  battery  resistance 

R,  Rq,  Rj,  R2>  Rj . Rn  Resistance  (XI  ohms)  R  =  R^, 

T  Adiabatic  wall  or  recovery  temperature 

Tg  Skin  or  area  temperature 

Tr  T2.  Tg,  . T^  Measured  (thermocouple)  temperature,  or  calculated 


viii 


WADD  TR  60-650 


LIST  OF  SYMBOLS  (Continued) 

Tg  Measured  average  electrical  signal  converted  to  temperature 

Arithmetic  mean  temperature 

Tp  Calculated  temperature  for  parallel  grounded  thermocouples 

w  Specific  weight  of  material 

Y  Power  constant 

n  Radiant  heat  efficiency  factor 

r  Material  thickness  in  feet 


ix 


WADD  TR  60-650 


SECTION  I 


INTRODUCTION 

In  thermal  simulation,  we  must  know  the  temperature  of  the  entire  heated  surface.  If 
the  surface  is  at  constant  and  uniform  temperature,  only  one  temperature  value  would  be 
needed  to  define  the  area;  this  condition,  however,  is  too  rare  in  actual  temperature 
simulation  to  be  considered. 

The  thermocouple  provides  an  accurate  and  economical  method  for  recording  tem¬ 
peratures  and  for  controlling  the  power  required  to  heat  a  given  surface  area.  Only  one 
thermocouple  has  been  used  heretofore  because  no  practical  means  existed  for  electrically 
insulating  the  thermocouples  from  the  material  being  heated.  For  best  control  and 
computer  operation,  this  single  thermocouple  has  been  located  at  the  hottest  known  point 
in  the  area.  Additional  thermocouples,  however,  have  been  required  to  establish  the 
hottest  location,  determine  the  temperature  distribution,  and  monitor  the  tests. 

In  the  past,  a  normal  test  installation  consisted  of  a  control  thermocouple  and  a  spare 
in  each  control  area.  Loss  of  the  control  thermocouple,  in  most  instances,  would  abort 
the  test;  a  switching  device  would  enable  the  spare  to  regain  test  control.  Thermocouples 
connected  in  parallel  to  a  common  junction,  on  the  other  hand,  would  provide  a  mean  area 
temperature  and  eliminate  the  problem  of  test  abortion. 

Two  methods  of  thermal  simulation  were  presented  in  Reference  1,  but  the  use  of 
common  parallel  thermocouples  in  approximating  a  mean  surface  area  temperature  was 
not  explained  or  substantiated.  Of  the  three  circuit  combinations  shown  in  Figures  51, 

52,  and  53  of  Reference  1,  the  multiple  ground  connection  (shown  in  Figure  52)  is  the 
most  practical  method  and  is  repeated  here  as  Figure  2.  Test  results  reported  herein 
show  that  this  circuit  with  a  suitable  switching  panel  will  permit  each  temperature 
measured  by  each  thermocouple  in  the  parallel  circuit  to  be  recorded  individually  and 
an  average  temperature  feedback  signal  to  be  transmitted  to  instruments  or  equipment 
for  regulating  power  or  as  a  computer  error  feedback  signal.  Removing  one  thermo¬ 
couple  from  the  circuit  temporarily  for  recording  data  will  not  alter  the  power  require¬ 
ments  sufficiently  to  change  the  over-all  temperature  distribution  or  average  feedback 
signal. 

The  number  of  thermocouples  used  in  a  given  area  must  be  governed  by  practical 
considerations.  Enough  thermocouples  should  be  installed  to  provide  a  representative 
average  temperature  of  the  heated  area.  Since  a  full-scale  elevated- temperature 
structural-test  program  of  a  present-day  aircraft  might  require  several  thousand 
thermocouples  for  complete  coverage,  the  total  number  must  be  limited  by  the  type  of 
simulation  required. 

This  report  presents  analytical  calculations  for  analogous  DC  battery  circuits  and 
summing  circuits.  Actual  test  data  is  presented  and  discussed  for  several  combinations 
of  materials  in  paralled  thermocouple  circuits.  Although  some  basic  theory  is  mentioned 
with  respect  to  this  application,  these  laws  are  not  extended  and  treated  separately  for 
grounded  parallel  thermocouples.  The  primary  effort  consists  of  showing  from  the  tests 
that  the  application  is  sound  and  the  results  are  the  same  as  for  electrically  separated 
thermocouples. 
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SECTION  II 


THERMOCOUPLE  CONTROL  SIGNAL  FUNCTION 

The  thermocouple  acts  as  a  remote  device  for  providing  the  thermal  inputs  to  the  test 
structure  through  the  error  feedback  signal  to  a  heat  rate  computer  or  as  a  control 
signal  to  a  power  regulator.  The  heat  rate  computer  solves  either  of  two  fundamental 
equations  for  a  unit  area: 

Ql  '  h<Taw  -  Ts>  -  BT^  (1> 

or 

Q2  =  cwr(dTg/dt)  .  (2) 

which  is  related  to 

Q3  =  YEI  (3) 

in  an  equivalent  radiant  heat  simulation.  The  computer  must  satisfy  the  equation 

Q  '  =  h(T  -  T  )  -  BT  +  q.  The  term  q  (BTU/ft  /hr)  indicates  heat  loss  under  test 
1  clW  s  s 

conditions.  The  control  signal  (volts)  is  then  represented: 

Ael*GJfh<Taw-TS>  -  BTt  +  “1  -YE'/nll 
or 

A*2  =  °2  (if  »<Taw  *  V  -  <  -  c"  tx  A  Vdt  ll 

These  equations  represent  requirement  for  unit  areas,  and  thermal  equilibrium  must 

be  achieved  with  T  only,  when  solving  for  the  instantaneous  power  required.  Tg, there- 
s 

fore,  is  the  only  true  test  parameter  and  all  other  parameters  are  calculated  and  pro¬ 
grammed  into  the  computer  to  satisfy  the  remainder  of  the  heat  equation.  The  instantan¬ 
eous  skin  or  surface  temperature,  T  ,  therefore,  represents  the  mean  temperature  per 
unit  area. 

Whenever  an  area  of  several  square  feet  is  being  heated,  the  temperature  of  a  single 
point  will  not  describe  the  temperature  for  the  entire  heated  surface.  The  parallel  thermo¬ 
couple  circuit  provided  the  simplest  and  most  economical  method  of  obtaining  the  mean 
surface  temperature  for  remote  equipment. 

Available  literature  indicated  that  parallel  thermocouples  require  electrical  insulation 
when  connected  to  a  common  metal  sheet.  If  uninsulated  (or  grounded  to  the  basic  material), 
it  was  believed  that  circulating  currents  between  the  individual  thermocouples  would 
introduce  an  error  or  alter  the  correct  emf  at  the  instrument  connection.  This  effect  was 
studied  to  determine  the  basic  relationship  of  the  circulating  emf  to  the  basic  or  primary 
emf.  The  thermocouple  materials  we  use,  including  iron-constantan,  Chromel-Constantan, 


(4) 

(5) 
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Chromel- Alumel,  *  and  platinum-platinum  rhodium,  produce  up  to  50  millivolts  in  their 
normal  operating  range.  The  iron-constantan  thermocouples  were  used  exclusively  in 
these  experiments. 


*  Trade  name  of  Hoskins  Mfg.  Co. 
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SECTION  III 


PRACTICAL  APPLICATION  OF  GROUNDED  PARALLEL  THERMOCOUPLES 


The  Law  of  Intermediate  Metals  and  the  Law  of  Intermediate  Temperatures  relate  the 
theory  of  thermocouple  emf’s  to  temperature.  We  will  not  consider  The  Law  of  Inter¬ 
mediate  Temperatures  because  the  reference  junction  will  not  be  involved;  the  effect 
between  the  measuring  junctions  cannot  be  accounted  for  as  a  separate  part  of  the 
circulating  emf’s. 

The  thermal  emf  depends  on  the  difference  in  temperature  between  the  measuring  and 
reference  junctions  and  the  wire  materials  used.  The  Peltier  and  Seebeck  effect  governs 
the  emf  resulting  solely  from  contact  of  two  dissimilar  metals,  and  its  magnitude  changes 
with  temperature;  intimate  contact  is  not  essential,  and  the  individual  leads  may  be  any 
distance  apart.  The  temperature  of  each  wire  which  represents  the  measuring  junction 
circuit  determines  the  magnitude  of  the  emf.  Most  applications  use  wires  either  welded 
together  or  separated  by  small  distances  (approximately  1/4  inch  or  less)  and  welded  to 
the  material  being  measured. 


The  Thomson  effect  is  that  emf  resulting  from  a  temperature  gradient  along  a  single 
wire.  While  the  Thomson  effect  can  normally  be  neglected,  it  might  be  of  interest  in  the 
area  between  thermocouple  measuring  junctions.  Three  different  materials  exist  in  the 
parallel  circuit  to  produce  an  emf  to  the  measuring  instrument.  Since  temperatures  are 
different  in  the  areas  between  each  measuring  junction,  and  the  temperature  between  each 
thermocouple  varies.  The  Law  of  Intermediate  Metals  appears  to  have  been  violated.  This 
law  cannot  be  applied  to  solve  this  problem,  however,  because  other  factors  enter  and 
give  redundancy. 


Average  temperatures  can  be  measured  from  thermocouples  connected  in  parallel.  The 
equation 


E 


P 


Ei+  e2  +  e3  +  ...en 

N 


(6) 


may  be  written  as 


T1  +  T2  +  Tg  +  .  .  .Tn 
N 


(7) 


from  Figure  1.  The  actual  conversion  from  volts  to  temperature  occurs  in  the  measuring 
instrument,  and  this  term  need  not  be  carried  in  any  of  the  equations. 

In  the  application  of  common  parallel  thermocouples  shown  in  Figure  2,  the  temperature 
along  the  line  of  measuring  junctions  may  vary  in  any  manner. 


The  equation  for  Tp  is  then: 


T  = 
P 


T1  +  T2  +  t3  + 


.T, 


N 


N 


AB 


±  f(Tj  2;  T2  3;  Tx  3,etc.).  (8) 
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A  B 


Plate 


Figure  1.  Separated  Parallel  Thermocouple  Circuit 


A  B 


Plate 


Figure  2.  Common  Parallel  Thermocouple  Circuit 


In  a  separated  parallel  thermocouple  circuit,  individual  thermocouples  are  thermally  and  electri¬ 
cally  separated  from  one  another  at  the  measuring  junction.  In  common  parallel  thermocouple 
circuits,  each  thermocouple  is  thermally  and  electrically  connected  at  the  measuring  junction  by  a 
metal  plate. 


The  second  term  is  very  small  when  all  measuring  circuits  are  physically  attached  to 
the  plate  and  may  be  neglected.  If  any  of  one  or  several  halves  of  the  measuring  circuit  is 
broken,  the  equation  then  becomes 


(T1  +  t3)a  (Tj  +  t2  +T3>b 


T  = 
AP 


*  ^^1  2’  ^1  3*  ^2  3^  W 


where  A  and  B  represent  the  individual  thermocouple  wire  materials.  Again,  the  second 
term  is  small  and  may  be  neglected  in  the  calculation.  In  such  cases,  the  measured  signal 
in  relation  to  the  temperature  is  approximately  equal  to  the  calculated  arithmetic  mean: 


T 


P 


(T1  +  T2  +  T3  .  .  .  +  Tn) 
N 


(10) 


In  instances  where  several  thermocouples  are  paralleled  and  one  material  is  removed 
from  the  measuring  circuit  at  several  locations,  then  the  effect  of  the  second  term  in 


6 


WADD  TR  60-650 


Equation  (8)  becomes  a  contributing  factor  at  some  point  for  any  configuration.  Under 
this  condition.  Equation  (9)  is  used  and  the  effect  of  circulating  current  must  be  consid¬ 
ered.  Even  though  the  actual  electric  signal  from  the  circuit  is  only  slightly  in  error,  the 
arithmetic  mean  calculation  will  show  a  big  error.  (Such  conditions  may  exist  during 
structural  testing  at  elevated  temperatures  because  thermocouple  leads  do  break  from 
various  causes.)  An  empirical  solution  is  necessary  to  define  the  contribution  of  the 
circulating  currents,  since  it  is  impossible  to  determine  true  polarity  at  each  point. 

This  method  does  not  make  a  true  temperature  survey  in  the  area  between  two  meas¬ 
uring  junctions.  Extreme  temperatures  can  exist  without  causing  an  appreciable  change 
in  the  measured  emf  in  most  circuits.  This  application  must  be  confined  to  averaging 
emf’s  from  each  measuring  junction  location. 

The  general  theory  developed  from  this  application  is  that  each  material  (A  and  B) 
may  be  considered  separately  as  contributing  to  the  total  emf  measured.  In  most  instances 
the  structure  is  grounded  with  the  thermocouple  circuit  to  the  primary  electric  ground.  It 
is  possible,  although  impractical,  to  obtain  fairly  accurate  measurements  using  one  pri¬ 
mary  thermocouple  wire  material  and  a  single  wire  ground  material.  Because  of  the  re¬ 
lationship  between  A  and  B  and  B  and  A  from  one  measuring  junction  to  another  in  Figure 

2,  it  appears  that  the  total  number  of  measuring  circuits  is  N^.  Where  no  individual  wire 
is  broken,  the  cross-relationship  is  nullified  and  the  resulting  number  of  circuits  is  N. 

The  average  emf  converted  to  equivalent  temperature  is  the  arithmetic  mean  of  each 
thermocouple  wire  temperature.  The  circulating  emf’s  are  cancelled  and,  in  general,  the 
Seebeck  and  Thomson  effects  between  each  measuring  junction  are  negligible. 
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SECTION  IV 


DC  CIRCUIT  FOR  GROUNDED  PARALLEL  THERMOCOUPLES 

For  this  analysis,  each  thermocouple  measuring  junction  is  considered  as  a  battery.  To 
simplify  the  calculations,  only  three  are  connected  in  a  parallel  circuit.  The  actual  thermo¬ 
couple  weld  resistance  and  the  metal  plate  resistance  were  measured.  These  resistances 
are  so  small  that  they  can  normally  be  neglected.  The  weld  resistance  is  in  series  and  is 
included  in  the  total  resistance  of  each  thermocouple  circuit.  The  problem  is  simplified 
by  combining  all  resistances  for  each  circuit. 

In  a  circuit  of  parallel  batteries,  the  emf’s  are  made  equal  with  a  change  in  equivalent 
internal  resistances.  Then,  E^  =  =  E^,  but  R^^R0  ^  R^.  Figure  3  shows  the  actual 

circuit,  and  Figure  4  shows  an  equivalent  circuit. 


a 


Figure  3.  Electrical  Circuit  for  Common  Parallel  Thermocouple  Circuit 


Figure  4.  Equivalent  Electrical  Circuit  Schematic  for  a  Common  Parallel 
Thermocouple  Circuit 

For  practical  considerations,  an  equal  resistance  will  be  added  to  each  circuit  and  a 
total  resistance  assigned  to  each  battery  in  the  parallel  circuit.  Equal  resistances  are 
added  in  each  circuit  to  minimize  the  effects  of  changes  in  thermocouple  wire,  weld,  and 
plate  resistances  with  temperature;  an  error  is  introduced  if  these  resistances  are  un¬ 
equal.  Balancing  each  circuit  by  shortening  or  lengthening  the  wire  of  material  having  the 
higher  resistance  will  serve  the  same  purpose  as  adding  resistors.  Whatever  method  is 
used,  each  circuit  should  have  the  same  resistance.  The  circuit  analyzed  is  shown  in 
Figure  5. 
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a 


b 

Figure  5.  Electrical  Parallel  Thermocouple  Circuit 


A  solution  to  R-,  which  represents  the  resistance  of  the  common  metal  plate  material, 
can  be  found  by  employing  Kirchoff’s  laws.  Thermocouple  spacing  is  equal  and  plate 
resistance  between  thermocouples  is  assumed  equal.  Then  E^  =  E2  =  E^  and: 


-Rl‘l +  E1  -  1XR2  -  'lR5  -  E1  +  R3!2  +  '2R1  *  0  <U> 

-R  I,  +  Ej  -  I3R4  -  IjRj  -  Ej  +  R3I2  +  I2Rx  =  0  (12) 

'l+I2+I3=0  <13> 

Solving  for  Rg  by  simultaneous  equations  and  substituting  for  the  assumed  conditions: 

-r5<‘i  -  y  - 0  <14) 


when  I.  =  I3,  which  shows  that  the  plate  IR  drop  is  nullified.  The  resistance  R5  is  very 
small  and.  when  1^  is  not  equal  to  1^,  the  difference  is  still  insignificant.  For  most 
cases,  then, the  circuits  in  Figure  6  are  applicable. 


Figure  6A.  Battery  Circuit  for  Parallel  Thermocouples 


a 


r 

:i  Ri  E\m 

L. 

j 

b 
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Figure  6B.  Thermocouple  Equivalent  Battery  Circuit 


The  basic  equation  for  Ep  is  Equation  (6).  Since  small  changes  in  resistance  would 

result  from  the  variations  in  the  temperature  of  the  plate  between  the  thermocouples, 
any  variation  in  the  bucking  emf’s  will  be  small. 
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SECTION  V 


SUMMING  CIRCUIT  FOR  GROUNDED  PARALLEL  THERMOCOUPLES 

From  the  experiments,  we  concluded  that  a  properly  designed  summing  circuit  could 
be  used  to  parallel  thermocouple  measuring  junctions.  With  such  a  circuit,  a  multitude 
of  thermocouples  could  be  connected  in  parallel  on  a  common  base  metal  to  yield  an  emf 
representing  the  average  for  all  points.  In  this  approach,  the  base  metal  serves  only  as 
a  neutral  point  in  the  circuits,  and  the  emf’s,  as  such,  remain  in  the  thermocouple  wires 
leaving  the  base  metal.  The  circuit  resistance  must  be  high  when  compared  with  the 
resistance  of  the  thermocouple  measuring  junction. 

Since  the  sum  of  all  currents  flowing  to  a  junction  must  be  equal  to  those  leaving  the 
junction,  according  to  Kirchoff’s  first  law,  then  the  circuit  shown  in  Figure  7  is  analogous 
to  a  parallel  thermocouple  circuit  with  Ej,  E2,  and  Eg  indicating  thermocouple  voltage 
sources. 

R. 

E,  J- - WV - 

Rz 


Figure  7.  Equivalent  Thermocouple  Summing  Electrical  Circuit 

If  no  current  flows  from  E  ,  the  sum  of  all  currents  flowing  to  the  output  terminal  must 
be  equal  to  zero.  Thus: 


and 


(15) 


(16) 


If  R  =  R_  =  R„  =  Rm,  and  R  approaches  infinity,  as  a  special  case,  then 

1  2  j  N  O 


E  = 
o 


E1  +  E2  +Eg  +  Ej^ 


1 


_N  J_ 
R  "  R 


(17) 


and  Equation  (17)  reduces  to: 


E  = 
o 


El~l~  E2  +  E3+  EN 

N 


(18) 
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Equation  (18)  is  therefore  the  same  as  Equation  (6),  and  equivalent  to  Equation  (10). 

The  results  of  insulation  versus  no  insulation  are  illustrated  in  Figures  8A  and  8B. 

Two  different  approaches  are  presented  for  two  thermocouples  connected  in  parallel. 
Figure  8A  depicts  a  circuit  for  a  common  plate  and  Figure  8B,  a  circuit  for  two  separate 
plates.  The  diagrams  present  a  series  parallel  circuit  where  the  two  emf’s  are  additive 
in  each  series  circuit  (representing  one  thermocouple).  Then  the  two  thermocouples, 
acting  in  parallel,  average  the  emf’s  contributed  from  each  series  circuit.  Each  thermo¬ 
couple,  in  effect,  when  installed  directly  to  another  material,  actually  forms  2  equivalent 
measuring  junctions.  The  analyses  of  the  circuits  in  Figure  8  are  given  in  Equations  (19) 
and  (20),  and  show  that  the  results  from  each  method  will  be  identical. 


b 


a 


Figure  8A.  Equivalent  Electrical  Circuit  for  Two  Parallel  Thermocouples 
on  a  Common  Plate 


Figure  8B.  Equivalent  Electrical  Circuit  for  Two  Parallel  Thermocouples 
on  Separate  Plates 


14 


WADD  TR  60-650 

An  analysis  of  Figure  8A  gives: 


,  E3-El 

1  "  2R 


(E3  -  E.) 

Ebc  -  Vt1-* 


2E3  -  E3  +  Ex 


E3  +  El 


^bc 


E,  =  E,  +  E 
ba  ba  ac 


Therefore, 


E1  +  E2  +  E3  +  E4 


"ba 


1  VE2 

2  "  2R 


(e4  -  e2) 

Eac  E4  2R  R 


2E4  -  E4  +  E2 


E4+E2 


ac 


(19) 


An  analysis  of  Figure  8B  gives: 


E3  +  E4-E2-El 

4R 


Eab  =  E3  +  E4  " 


2R  (E3  +  E4  -  E2  -  El) 


4R 


2E„+  2E,  -  E„  -  E.  +  E0  +  E, 
o  4  3  4  2  1 

2 

Therefore, 

E3  +  E4+E2+El 
ab  2  ' 


(20) 


where  the  divisor  represents  the  number  of  thermocouple  installations.  The  results  of  the 
two  analyses  are  therefore  the  same. 

Whether  the  parallel-connected  thermocouples  are  attached  to  separate  plates  or  to  a 
common  plate  is  immaterial  providing  the  plate  resistance  between  the  thermocouples 
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can  be  neglected.  Tests  show  that  the  resistance  of  several  feet  of  thermocouple  wire  is 
sufficient  to  allow  accurate  temperature  averaging.  The  temperature-measuring  device, 
however,  must  have  a  floating  input  where  more  than  one  group  of  thermocouples  are 
being  averaged. 
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SECTION  VI 


EXPERIMENTAL  TEST  DATA  AND  RESULTS 


Experimental  tests  were  made  using  the  recording  instruments,  radiant  heat  methods, 
and  power  controllers  for  full-scale  laboratory  test  simulation.  Each  data  point  consisted 
of  one  thermocouple  for  the  parallel  circuit  and  one  for  recording  the  temperature.  All 
tests  were  made  with  thermocouples  located  along  one  single  line.  Thermocouples  were 
installed  with  resistance-welding  equipment.  These  tests  were  made  to  obtain  data  to 
help  verify  the  previous  assumptions  presented. 


For  the  first  test  setup,  seven  thermocouples  were  spaced  evenly  on  sheets  of  aluminum, 
steel,  and  titanium  measuring  36  inches  long,  12  inches  wide,  and  1/16  inch  thick.  For  the 
second  test,  three  thermocouples  were  located  on  a  sheet  of  aluminum  20  inches  long,  8 
inches  wide,  and  1/16  inch  thick,  divided  into  three  parts,  cut  out,  and  connected  by  a  one- 
inch  section  at  the  center.  Each  section  was  heated  separately,  or  in  combination.  Both 
test  set-ups  are  shown  schematically  in  Figure  9.  Iron-constantan  duplex  wire  was  used 
exclusively. 


DATA  THERMOCOUPLES 


Figure  9A.  Test  Plate  Thermocouple  Arrangement  for  First  Test  Se 


ries 


DATA  THERMOCOUPLES 


' 

2 

J 

A 

3 

A 

to  measuring  instrument 
(  Brown  Recorder  ) 

Ja 

r - 

V 

- o 

PARALLEL  CIRCUIT  THEMOCOUPLES 


Figure  9B.  Test  Plate  Thermocouple  Arrangement  for  Second  Test  Series 
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Thermal  conditions  of  equal  temperatures  (uniform),  unequal  temperatures  (linear), 
and  high  rates  of  temperature  change  (transient)  were  simulated  with  radiant  energy. 
Response  rates  were  apparently  equal  between  equilibrium  and  transient  methods. 

The  monitor  or  data  thermocouples  were  connected  to  individual  Brown  Recorders  to 
collect  temperature  data  at  each  location.  The  parallel  circuit  temperature  was  measured 
with  the  same  type  recording  instrument. 

Test  values  measured  by  the  data  thermocouples  were  used  for  a  calculated  average, 
mean  Tp  was  calculated  from  Equation  (9)  and  mean  TM  was  calculated  from  Equation 

(10).  These  values  were  compared  with  each  other  and  with  the  measured  temperature 
(electrical  average  Tp)  of  the  parallel  circuit.  Figure  9A  shows  the  7  points  of  the 

complete  thermocouple  circuits  and  the  electrical  schematic  and  the  recorded  test  data 
are  shown  in  Figure  10.  Other  configurations  for  the  first  test  series  are  shown  in  Figures 
10  through  19.  The  uniform  temperature  is  distributed  symmetrically  about  the  center  of 
the  test  panel,  and  increases  uniformly  from  each  edge  with  the  hottest  point  at  the  center. 
The  linear  temperature  increases  uniformly  from  one  edge  of  the  test  panel  to  the  opposite. 
The  test  data  is  within  the  accuracy  expected  from  the  recording  instrument  and  the  human 
error  from  reducing  the  test  data.  Data  for  equal  temperatures  at  all  thermocouple 
locations  is  not  presented  since  Tp  corresponds  to  T^  and  Tp.  The  only  error  present 
is  in  the  recording  instrument. 

Extreme  examples  of  parallel  circuits  are  shown  in  Figures  11  through  15.  The 
materials  show  differences  in  the  circulating  emf’s  for  the  uniform  temperature  distri¬ 
bution.  The  total  values  of  the  circulating  emf’s  for  the  various  configurations  (Figures 
10  to  23)  are  presented  as  temperatures  in  Figure  25. 

All  common  connections  for  the  parallel  circuits  were  made  to  terminal  strips. 

Switching  circuits  were  added  for  the  second  test  series  to  facilitate  adding  and 
subtracting  leads  and  resistances.  No  error  is  introduced  from  the  switches  or 
terminal  strips  if  the  temperature  is  equal  at  that  point. 

When  a  single  ground  wire  is  used,  it  should  be  located  at  the  hottest  known  point. 

In  the  test  results  for  circuits  shown  in  Figures  11  and  12,  the  values  for  K  change  signs 
between  the  hot  and  cold  locations;  the  basic  difference  between  the  two  circuits  is  a 
change  from  symmetrical  to  unsymmetrical.  In  the  circuit  of  Figure  11,  the  effects 
of  plate  resistance  on  either  side  are  the  same,  while  in  Figure  12,  the  effects  are  all 
acting  in  one  direction.  Unequal  thermocouple  spacing  changes  the  IR  drop  between  one 
side  and  the  other,  which  will  alter  the  circulating  emf’s  and  change  the  calculated  value 
of  K.  This  type  circuit,  while  not  recommended  for  general  use,  illustrates  the  problems 
associated  with  paralleling  grounded  thermocouples. 

Calculating  the  difference  between  the  electrical  average  (Tp)  and  the  calculated  value 
(Tp)  defines  the  magnitude  and  sign  of  the  circulating  current  effect.  This  value  or  quantity 
is  defined  as: 


TE  =  Tp  ±  K  ,  (19) 

where  K  represents  the  variable  term  in  Equation  (9).  The  sign  of  K  depends  on  the 
polarity.  For  special  cases  and  the  recommended  application: 
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(20) 


The  calculated  value  of  K  is  a  function  of  the  magnitude  and  direction  of  the  circulating 
current,  which  is  determined  partially  by  the  physical  properties  of  the  materials,  and 
possibly  by  thermocouple  spacing. 

Figures  14  and  15  show  one  primary  center  thermocouple  wire  removed;  an  iron  wire 
was  removed  in  Figure  15,  and  a  constantan  wire  in  Figure  14.  Tests  with  this  configura¬ 
tion  show  that  the  constantan  wire  is  responsible  for  the  primary  emf  value.  When  a 
single  iron  ground  thermocouple  wire  is  located  at  the  coldest  point  in  Figure  12, calcula¬ 
tions  from  Equation  (9)  are  not  satisfactory.  Comparing  T„  to  T. .  and  then  to  T  in 

tL  M  p 

Figure  11  shows  a  similar  deviation.  The  electrical  signal,  T£,  however,  is  acceptable. 

Figures  16  and  17  show  the  effect  of  removing  any  two  single  thermocouple  wires.  The 
relationships  between  Tg,  T^,  and  Tp  are  maintained.  Complete  thermocouple  measuring 

junctions  are  removed  in  Figures  18  and  19.  The  change  in  spacing  gives  an  unbalanced 
electrical  circuit,  but  the  resulting  change  to  K  is  small. 

The  second  test  set-up  consisted  of  using  three  separate  heat  sources  and  three  thermo¬ 
couples  connected  in  parallel  to  direct  the  grounding  between  three  areas.  A  single  plate 
of  three  rectangular  sections  was  connected  by  a  one-inch  width  of  basic  plate.  Tests 
were  made  with  the  plate  as  a  single  connected  unit  and  then  as  three  separate  units. 
Temperatures  during  test  runs  were  controlled  and  maintained  as  nearly  identical  as 
possible  between  sections.  Tests  were  made  with  and  without  grounding  the  supporting 
frame  to  the  common  building  electrical  ground.  This  data  is  shown  in  Figures  20  through 
24. 

Thermocouple  wires  were  broken  and  resistors  inserted  to  provide  balanced  and  un¬ 
balanced  resistance  between  the  individual  thermocouple  circuits  to  demonstrate  that 
individual  thermocouple  circuits  must  have  equal  resistances  to  function  correctly. 

Where  the  total  resistance  of  each  circuit  is  high,  slight  unbalance  can  be  tolerated.  We 
installed  resistors  up  to  500  ohms  in  each  circuit.  The  resistance  of  a  few  feet  of  thermo¬ 
couple  wire  is  sufficient  to  nullify  the  variations  in  resistance  at  the  measuring  junction. 

A  plot  of  K  with  respect  to  the  arithmetic  mean  temperature  is  presented  in  Figure  25. 
While  circuits  of  unorthodox  types  have  been  presented  for  information,  these  conditions 
can  exist  when  thermocouple  wires  break.  Grounded  parallel  circuits  are  recommended 
only  when  duplex  wire  (insulated)  is  used  and  a  complete  measuring  junction  is  included 
at  each  location.  Figure  24  shows  two  constantan  wires  connected  to  a  plate  grounded  to 
the  common  building  ground.  A  thermocouple  measuring  circuit  is  formed. 

Primary  resistances  of  eight  ohms  resulted  from  the  length  of  thermocouple  wires  in 
the  first  test  series.  One-hundred-ohm  resistors  were  added  to  each  circuit  in  the  second 
test  series,  as  shown  in  Figure  21.  The  best  results  were  obtained  with  approximately 
100  ohms  resistance  in  each  measuring  junction  circuit. 

Constantan  thermocouple  wire  (24  gage)  used  for  all  tests  has  a  resistance  of  .727  ohms/ 
foot,  and  iron  thermocouple  wire  (24  gage)  has  a  resistance  of  .148  ohms/foot. 
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SECTION  VII 


SWITCHING  CIRCUITS  FOR  PARALLEL  THERMOCOUPLES 

While  a  parallel  thermocouple  circuit  will  provide  the  desired  signal  to  control  remote 
equipment,  other  arrangements  are  necessary  to  provide  data  for  individual  points.  One 
method  of  accomplishing  this  is  to  provide  a  switching  panel  which  combines  parallel 
terminal  strips,  a  standard  reference  junction,  and  a  data  recording  instrument.  If 
properly  designed,  this  panel  will  collect  data  from  each  thermocouple.  Good  power 
control  is  maintained  while  recording  individual  values  for  temperature. 

For  transient  heating,  a  pre-run  is  necessary  for  calibration  at  several  equilibrium 
temperature  points.  At  each  selected  temperature  increment  for  Tg,  each  temperature 

value  is  recorded.  A  plot  of  T£  is  made  for  each  location  and  temperature  for  thermo¬ 
couples  in  each  control  heat  area  or  zone.  Since  results  show  that  deviation  between  the 
steady  state  equilibrium  calibration  run  and  the  actual  transient  simulation  is  insignificant 
transient  data  has  not  been  included  in  this  report.  The  relationship  between  T£  and 

individual  values  within  the  circuit  is  the  same  for  heating  rates  up  to  50°F  per  second. 

Pre-runs  of  most  tests  are  usually  necessary  to  check  the  system,  power  distribution, 
temperature  distributions,  etc.  The  data  sampling  technique  mentioned  can  be  used  or 
combined  into  this  pre-run  procedure. 

Although  a  high-speed  data  sampling  and  handling  system  can  be  used  during  transient 
heat  simulation,  such  a  system  is  complex  and  the  capability  is  compromised.  Although 
equipment  has  been  designed  specifically  for  this  purpose  it  is  very  expensive,  and  the 
method  described  serves  most  requirements.  Once  the  individual  temperatures  are  known, 
the  same  controls  will  give  identical  temperature  distribution  from  any  single  thermo¬ 
couple  in  the  area. 
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SECTION  VIII 


CONCLUSIONS 

Any  number  of  thermocouple  measuring  junctions  can  be  attached  to  a  common  base 
material  and  yield  an  average  electrical  signal.  Proper  instrument  calibration  for  the 
given  thermocouple  materials  will  give  the  same  signal  as  a  single  thermocouple  at  a 
temperature  identical  to  the  average  signal  from  a  parallel  circuit.  The  effects  of 
circulating  emf’s  between  thermocouples  cancel  each  other  in  most  common  circuits,  and 
in  most  others  the  effect  is  insignificant. 

This  method  of  thermal  simulation  provides  a  very  useful  tool  for  structural  testing 

of  full-scale  flight  vehicles  and  provides  useful  and  accurate  representative  feedback 

signals  for  remote  control  of  power  regulating  equipment.  Since  T  is  the  only  true  test 

s 

parameter  in  heat  balance.  Equations  (1)  and  (2),  the  parallel  average  signal  is  represent¬ 
ative  of  the  temperature  of  each  heated  area. 
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APPENDIX 


SCHEMATICS  AND  RESULTS  OF  TESTS 

Tests  were  conducted  on  a  number  of  different  circuit  configurations  with  different 
plate  materials  and  different  thermal  conditions.  The  results  of  the  tests  are  tabulated 
and  shown  with  the  pertinent  circuit  configuration.  Values  shown  for  Tg  are  those  recorded 

in  the  parallel  wires;  Tj^  was  calculated  from  Equation  (10);  and  Tp  was  calculated  from 

Equation  (9).  Figure  25  shows  the  total  values  of  the  circulating  emf’s  for  all  configurations 
plotted  as  temperatures. 

Two  thermocouples  were  installed  at  each  location;  one  was  connected  into  the  parallel 
circuit  and  one  was  used  for  individual  temperature  recordings.  All  indicated  test  temper¬ 
atures  were  recorded  in  degrees  Fahrenheit  from  the  individual  thermocouples.  The  metal 
shown  for  each  test  indicates  the  plate  metal,  and  (U)  indicates  uniform  thermal  conditions 
and  (L)  indicates  linear  thermal  conditions. 
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Figure  10.  Basic  Parallel  Electrical  Circuit  with  7  Thermocouples  (Common) 
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Figure  11.  Symmetrical  Parallel  Electrical  Circuit  with  7  Constantan  and 
1  Iron  Thermocouple  Wires  (Common) 
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Figure  12.  Unsymmetrical  Parallel  Electrical  Circuit  with  7  Constantan  and 
1  Iron  Thermocouple  Wires  (Common) 
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Figure  13.  Parallel  Electrical  Circuit  with  1  Constantan  and 
7  Iron  Thermocouple  Wires  (Common) 
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Figure  14.  Parallel  Electrical  Circuit  with  6  Constantan  and 
1  Iron  Thermocouple  Wires  (Common) 
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Figure  15.  Parallel  Electrical  Circuit  with  1  Constantan  and 
6  Iron  Thermocouple  Wires  (Common) 
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Figure  16.  Parallel  Electrical  Circuit  with  5  Constantan  and 
7  Iron  Thermocouple  Wires  (Common) 
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Figure  17.  Parallel  Electrical  Circuit  with  7  Constantan  and 
5  Iron  Thermocouple  Wires  (Common) 
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Figure  18.  Parallel  Electrical  Circuit  with  5  Thermocouples  (Common) 
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Test  B.  Aluminum  (L) 


Figure  19.  Parallel  Electrical  Circuit  with  3  Thermocouples  (Common) 
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Figure  21.  Parallel  Electrical  Circuit  with  3  Thermocouples,  Resistors 
Aluminum  Plate  (Common) 
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Figure  22,  Parallel  Electrical  Circuits  for  2  Thermocouples  (Common)  Aluminum  Plate 
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Figure  23.  Electrical  Circuit  for  1  Thermocouple,  Wires  Separated  (Common)  Aluminum  Plate 
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Figure  24.  Measuring  Circuit  with  Two  Constantan  Wires 
Forming  a  Junction  on  Aluminum  Plate  (Common) 
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